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Technical  Objectives: 


The  main  technical  objective/approach  was  to  investigate  high  frequency,  high  saturation  optical 
power  analog  TW-EAM  waveguide  modulator  operating  at  1.55  pm  wavelength  using  peripheral 
coupled  waveguide  (PCW)  [1]  combined  with  intrastep  barrier  quantum  well  (IQW)  structure 
[2],  A  second  goal  was  the  evaluation  of  the  drive  voltage  of  the  TW-EAM,  as  well  as  the  link 
gain  and  link  SFDR.  A  third  goal  was  the  investigation  of  the  segmented  traveling  wave  EA 
modulator  (STEAM)  [3]  using  the  design  that  separates  the  optimization  of  the  optical 
waveguide  and  the  microwave  transmission  line. 

This  report'  details  the  University  of  California  at  San  Diego  (UCSD)  efforts  in  a  multi-year 
collaborative  research  program  with  AFRL  at  Rome  Research  Site  who  evaluated  the  EA 
modulators  in  fiber  links. 


Overview: 

The  current  year’s  program  produced  the  following  accomplishments: 

1.  Demonstration  of  a  low  link  loss,  lumped  element  electroabsorption  modulator  that 
combines  peripheral  coupled  waveguide  (PCW)  and  intra-step  barrier  quantum  well 
(IQW).  Transparent  link  gain  is  achieved  at  low  frequencies. 

2.  Completed  the  first  fabrication  run  of  the  STEAM  which  is  advanced  microwave 
electrode  structure  for  the  TW-EAM  for  impedance  matching  with  the  transmission  line 
and  loss  microwave  propagation  loss.  We  have  obtained  preliminary  results  from  the  first 
fabrication  run. 

3.  Collaborated  with  personnel  at  Rome  Lab  at  the  UCSD  site  in  the  fabrication  and 
evaluation  of  EA  modulators. 


'  The  tasks  reported  in  this  project  are  also  partially  funded  by  DARPA. 
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1.  Summary  of  accomplishments. 

1.1.  High  power  PCW-IQW  electroabsorption  modulator 

1.  For  the  first  time,  quantum  well  EA  modulators  reached  optical  powers  as  high  as 

200  mW. 

2.  The  RF  link  gain  of  some  of  these  EA  modulators  is  larger  than  0  dB  at  low 
frequencies. 

1.2.  High  power  PCW-IQW  photodetector 

1.  In  the  photodetector  mode,  the  IQW-PCW  modulator  can  deliver  high 

photocurrent,  the  highest  is  at  100  mA. 

1.3.  Fabrication  of  segmented  traveling  wave  EA  modulator  (STEAM) 

1.  We  have  tested  the  fabrication  procedure  of  the  STEAM  with  ion  implantation  for 

electrical  isolation  between  adjacent  segments.  Some  preliminary  measurements 
are  done  on  these  samples. 
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2.  Technical  progress  achieved  on  project. 


2.1.  High  saturation  power  iQW-PCW  eiectroabsorption  (EA)  moduiator 

We  have  made  two  runs  of  IQW-PCW  EA  modulator  in  the  duration  of  this  program. 
Both  are  grown  by  MOCVD.  The  first  sample  consists  of  8  quantum  wells  (5  nm  intra 
step  barrier  +  6  nm  well  +  7  nm  barrier  layer)  and  a  1.63  pm  thick  lower  waveguiding 
layer.  The  quantum  well  is  designed  with  exciton  at  1.468  pm  wavelength.  The  second 
sample  consists  of  10  quantum  wells  (5  nm  intra  step  barrier  -I-  6  nm  well  +  7  nm  barrier 
layer)  and  a  2  pm  thick  lower  waveguiding  layer.  The  quantum  well  is  designed  with 
exciton  at  1 .484  pm  wavelength. 


Figure  1.  Transfer  curves  and  modulator  photocurrent  characteristics  of  Sample  1 IQW  PCW  EA 
modulator  at  various  wavelengths.  The  device  has  no  AR  coating. 


The  first  sample  was  processed  in  lumped  element  modulator.  These  IQW  PCW 
modulators  have  reverse  breakdown  voltage  larger  than  9  V  and  optical  insertion  loss  ~  7 
dB  (facet  to  facet).  The  low  propagation  loss  (<  1.2  dB/mm)  causes  the  Fabry-Perot  effect 
to  be  significant  (see  Fig.  1)  and  masked  the  true  transfer  curve  characteristics  for  devices 
without  anti-reflection  coating.  The  optical  index  of  the  layer  structures,  plus  the  small 
ridge  width,  resulted  in  a  small  confinement  factor  in  the  absorption  layer.  The  transfer 
characteristic  shows  a  higher  (>  2.8  V).  To  confirm  that  the  observed  transfer 
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characteristics  shown  in  Fig.  1  are  due  to  Fabry  Perot  effect.  We  have  measured  the 
photocurrent  spectrum,  using  a  tunable  wavelength  laser,  and  compared  with  results  with 
the  calculation.  The  simulation  results  are  shown  in  Fig.  2  a,  which  match  closely  with 
the  measurement  data,  shown  Fig.  2b. 


Wavelength  (nm) 


(a)  (b) 

Figure  2(a).  Simulated  absorption,  reflection  and  transmission  spectra  of  the  EA  waveguide 
at  various  wavelengths,  (b)  measured  photocurrent  spectra  of  an  uncoated  IQW-PCW 
waveguide  at  various  wavelengths  at  zero  bias. 

The  link  gain  of  the  uncoated  device  showed  some  abnormal  behaviors  and  some  device 
exhibits  higher  link  gain  at  low  frequencies.  The  frequency  range  over  which  high  link 
gain  is  measured  is  very  narrow,  reminiscent  of  the  Fabry  Perot  effect. 

To  minimize  the  Fabry  Perot  effect,  we  need  to  coat  the  facet  with  AR  coating.  Some 
devices  from  sample  1  were  sent  to  a  vendor  for  AR  coating.  The  measured  transfer  curve 
of  a  device  sample  remains  normal,  at  up  to  high  optical  power,  as  shown  in  Fig.  3. 
Because  of  the  high  V,t  of  this  device,  the  maximum  link  gain  is  -12.5  dB  at  18  dBm. 


4 


50 


Reverse  Bias  (V) 


Figure  3.  Measured  photocurrent  of  IQW-PCW  EAM  link,  with  the  modulator  AR  coated. 

The  input  optical  power  is  at  18  dBm. 

For  the  second  IQW-PCW  sample,  the  higher  confinement  factor  at  the  active  layer  and 
the  large  number  of  wells  resulted  in  a  more  effective  modulation.  Again,  low 
propagation  loss  is  observed  in  the  waveguides  and  Fabry-Perot  effect  is  observed  for 
devices  without  coating.  Fig.  4  shows  the  link  gain  versus  optical  power  levels  at 
different  frequencies  for  the  uncoated  modulator. 


Figure  4.  RF  Link  gain  versus  optical  power  for  an  uncoated  IQW-PCW  EAM  (sample  2) 

at  various  modulation  frequencies. 
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As  in  sample  1,  we  have  sent  out  some  of  the  deviees  of  sample  2  for  AR  eoating.  For 
device  that  are  >  0.6  mm  long,  V,t  of  1.2  to  1.4  V  was  achieved.  Positive  RF  link  gain 
was  measured  at  low  frequencies  and  the  link  gain  has  a  RC  frequency  rolled-off  as  the 
lumped  element  electrode  has  limited  bandwidth. 

2.2.  Photodetector  mode  of  the  IQW-PCW  EA  modulator 

Due  to  electroasborption  effect  that  results  in  photogenerated  carriers  drifted  in  opposite 
directions,  the  EA  modulator  can  function  as  an  effective  photodetector  [4].  In  this 
program,  we  also  examine  the  high  current  capability  of  the  IQW-PCW  EA  modulator. 


In  the  photodiode  mode,  the  device  is  biased  at  higher  voltage  than  that  for  the  modulator 
operation  so  as  to  obtain  a  high  responsivity.  Fig.  5  shows  the  photocurrent  versus  bias 
voltage  for  input  optical  power  ranged  from  1  mW  to  100  mW,  without  the  use  of  heat 
sink.  The  maximum  quantum  efficiency,  at  low  optical  power,  is  0.8  A/W  for  the  AR 


EA  modulator  (sample  2)  as  a 

A  plot  of  the  responsivity  is  shown  in  Fig.  6,  up  to  100  mW  input  power.  The 
responsivity  is  0.5  A/W  at  200  mW  input,  yielding  a  photocurrent  of  100  mA.  The  drop 
in  quantum  efficiency  at  high  power  may  be  due  to  the  heating  effect  in  the  device 


coated  device. 


-1.02mW 

-6.2mW 

-10mW 

-24mW 

-42mW 

-50mW 

-70mW 

-80mW 
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-100mW 


Figure  5.  The  photocurrent  generated  at  the  IQW  PCW 

function  of  bias  voltage. 
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induced  by  the  photocurrent.  Further  investigation  of  the  saturation  behavior  are  on¬ 
going. 


Figure  6.  Responsivity  of  the  IQW-PCW  photodiode  versus  input  power. 
2.3.  Progress  of  the  Segmented  Traveling  wave  EA  modulator 


The  general  requirements  for  traveling-wave  electrodes  are  impedance  matching,  velocity 
matching,  and  low  microwave  loss.  For  traveling-wave  EAMs,  low-impedance  matching 
is  required,  but  velocity  matching  is  not  so  important  when  the  device  is  very  short. 
However,  with  the  consideration  of  PCW,  a  longer  electrode  (~1  mm)  is  required;  there 
are  certain  advantages  to  use  velocity  matching  traveling  wave  structures.  It  should  be 
noted  that  the  microwave  velocities  for  transmission  lines  built  on  top  of  GaAs  or  InP  are 
much  faster  than  the  optical  group  velocities  in  their  optical  waveguides,  which  is 
opposite  to  the  case  of  traveling-wave  LiNbOs  modulators. 


The  segmented  traveling- wave  design,  described  in  last  year’s  report,  employs  a  separate 
transmission  line  that  runs  parallel  to  the  optical  waveguide,  with  its  microwave  velocity 
faster  than  the  optical  group  velocity,  and  its  microwave  impedance  higher  than  50  Q  (the 
impedance  of  the  microwave  source).  The  modulation  length  (and  its  capacitance)  in  the 
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optical  waveguide  is  segmented  and  periodically  connected  to  the  transmission  line  as 
capacitive  loading,  which  lowers  the  microwave  velocity  and  impedance.  The  goals  are 
to  match  the  lowered  microwave  velocity  with  the  optical  group  velocity,  and  to  match 
the  lowered  microwave  impedance  with  50  Q  [3], 


In  this  year’s  program,  we  have  carried  out  the  design  in  an  EA  modulator  structure  that 
uses  MQW  materials.  Helium  ion  implantation  is  used  to  isolate  the  adjacent  segment. 
The  layout  of  the  design  is  shown  in  Fig.  7.  The  on-chip  resistor  is  for  impedance 
termination  and  for  connection  to  the  ground  (for  the  dc  photocurrent). 


CPW  pad 
forRF 
input 


RF  signal 

ground  line 


via  to 

ground  NiCr 
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film 


\ ^ : 

1  /  i 

waveguide 


BCB 
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layer 


ground 


active 

segment 


Figure  7.  Schematic  layout  of  the  Segmented  Traveling  Wave  EA  modulator. 

So  far,  we  have  made  a  fabrication  run  of  the  modulator  (see  Fig.  8  for  the  completed 
device)  and  has  achieved  the  electrical  isolation.  The  main  difficulty  is  the  number  of 
mask  steps  involved  and  the  inadequate  information  about  the  layers’  optical  and 
microwave  indices.  Preliminary  measurements  show  low  optical  loss  for  the  helium  ion 
implanted  region,  as  well  as  good  transfer  curve  characteristics. 
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Figure  8.  Photograph  of  the  Segmented  Traveling  wave  EA  modulator. 

3.  Conclusion  and  future  plan 

Under  the  support  of  the  Air  Force  Research  Laboratory,  we  have  made  important 
progress  in  this  year  in  the  fabrication  and  understanding  of  the  IQW-PCW 
electroabsorption  modulator  for  analog  fiber  links.  While  we  have  demonstrated  low  RF 
frequency  modulators  useful  for  transparent  analog  links,  we  look  forward  in  the  future 
program  to  realize  experimentally  the  analog  performance  of  both  regular  traveling  wave 
electrode  and  segmented-electrode  traveling  wave  electroabsorption  modulator  for  higher 
frequency  applications. 
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